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ABSTRACT 24 

Magnesium chloride (MgCl2) is used in deicing applications due to its capability to 25 

depress freezing temperatures to a lower point than other salts such as sodium chloride (NaCl). 26 

The constituents of concrete (i.e., pores solution, calcium hydroxide, aluminate phases, and 27 

calcium silicate hydrate gel) can alter the MgCl2ïH2O phase diagram when it is used to interpret 28 

the performance of concrete. Different chemical reactions may concurrently occur between 29 

MgCl2 and cementitious constituents to form Brucite, Friedel's salts, magnesium silicate hydrate, 30 

magnesium oxychloride, and/or secondary calcium oxychloride. In this study, it was observed 31 

that MgCl2 can be entirely consumed in concrete by the chemical reactions and produce CaCl2. 32 

As such, it was found that MgCl2 interacts significantly with a cementitious material and it follows 33 

a response that is more similar to the Ca(OH)2-CaCl2-H2O phase diagram than that of the 34 

MgCl2ïH2O phase diagram. Mortar samples exposed to low concentration MgCl2 solutions (<10 35 

% by mass) for a short duration of freezing and thawing showed damage due to ice formation, 36 

while for higher concentrations (Ó10 % by mass), the damage was most likely due to the 37 

chemical reactions between MgCl2 and cementitious constituents at room temperature (23 °C). 38 

These chemical reactions occurred rapidly (within 5-10 min) and caused a significant decrease 39 

in subsequent fluid ingress into exposed concrete. 40 

 41 

Keywords: Brucite, Concrete, Deicing Salt, Freeze-Thaw, Damage, Magnesium Oxychloride, 42 

Magnesium Silicate Hydrate (M-S-H), Phase Change, Calcium Oxychloride. 43 
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1.0 Introduction 45 

The widespread use of deicing salt is considered to be a primary cause of the 46 

deterioration of concrete structures in cold climates, resulting in costly repairs and early 47 

replacement of concrete infrastructure elements. Deicing salts can penetrate into the concrete 48 

and cause corrosion of reinforcement, as well as changing the concrete microstructure by 49 

participating in aggressive chemical reactions. Changes in concrete microstructure due to 50 

aggressive chemical reactions are often accompanied by a decrease in the mechanical 51 

properties, a change in transport resistance of concrete, and damage and degradation. The 52 

formation of expansive phases and salt crystallization in concrete pores are thus two major 53 

sources of damage and cracking in a concrete exposed to deicing salts [1ï7].  54 

Among the most common deicing chemicals, MgCl2 is perceived as being particularly 55 

effective in melting ice and snow due to: 1) its ability to depress the freezing temperature of a 56 

solution to a lower temperature than other salts (Figure 1) and 2) dissolution of MgCl2 itself can 57 

produce heat that can be further used to melt ice or snow (enthalpy of hydration = -2653 58 

kJ/mol). However, concrete exposed to MgCl2 de-icing salt typically exhibits changes in its 59 

microstructure due to chemical reactions, including formation of brucite, Friedel's salts, 60 

magnesium silicate hydrate (M-S-H), magnesium oxychloride, and/or secondary calcium 61 

oxychloride; these changes can be accompanied by severe cracking, even if the concrete does 62 

not experience any freezing and thawing cycles [5,8ï10].   63 

 64 
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 65 

Figure 1 ï a) Phase diagram for MgCl2-H2O and b) comparison of freezing temperature for 66 

aqueous MgCl2 with NaCl, CaCl2, and KAc (potassium acetate) deicing chemicals. 67 

  68 

MgCl2 deicers can react with the cement paste to produce M-S-H and brucite (Mg(OH)2). 69 

As described in Eq. 1, non cementitious magnesium silicate hydrate is formed by replacing the 70 

calcium from the cementitious calcium silicate hydrate (C-S-H) with magnesium. The formation 71 

of M-S-H was reported to produce damage in concrete and it appears to be a gradual and slow 72 

reacting product [8,11].  73 

C-S-H + MgCl2   Ą CaCl2 + M-S-H                                          (M-S-H) Eq. 1 

The formation of brucite is caused by MgCl2 reacting with Ca(OH)2 as shown in Eq. 2. In 74 

the presence of reactive dolomite aggregate, brucite formation resulted in mechanical 75 

distress [12]. The brucite usually forms on the surface of concrete samples as an outer layer 76 

product [5,8,13ï15]. The brucite appears to be a dense and homogeneous product [15]. It is 77 

also reported that the brucite layer can slow down concrete deterioration due to deicing salt 78 

exposure by hindering ingress of the chloride solution into the concrete [8].  79 

Ca(OH)2 + MgCl2   Ą CaCl2 + Mg(OH)2                                   (Brucite) Eq. 2 
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Formations of magnesium oxychloride and calcium oxychloride were also reported in 80 

concrete with MgCl2 as secondary reactions [5,7,10], since CaCl2 and Mg(OH)2 should be 81 

formed first by reactions described in Eq. 1 and Eq. 2. Two common phases of magnesium 82 

oxychloride are typically reported to exist, containing either 3 or 5 Mg(OH)2 molecules, so called 83 

the 3-form and 5-form, respectively (Eq. 3) [7,16ï18]. The addition of small quantities of 84 

hydraulic aluminate minerals (such as CA, C3A, and C4AF) can convert the 5-form magnesium 85 

oxychloride to 3-form magnesium oxychloride (3Mg(OH)2ÅMgCl2Å8H2O) [18]. It was also 86 

reported that the 5-form phase can alter to 3-form over time and that the 3-form is more stable 87 

than the 5-form [17]. In concrete exposed to MgCl2, therefore, it is expected that 3-form 88 

magnesium oxychloride exists due to the usual presence of C3A and C4AF. The 3-form 89 

magnesium oxychloride is unstable and can dehydrate and lose water at temperatures around 90 

65 C [17].  91 

(3 or 5)Mg (OH)2 + MgCl2 + 8H2O    Ą  (3 or 5)Mg(OH)2ÅMgCl2Å8H2O    

 (Secondary Magnesium Oxychloride) 
Eq. 3 

 92 

The formation of calcium oxychloride can be described as in Eq. 4. Calcium oxychloride 93 

was found as platey-shaped crystals in concrete exposed to MgCl2 [1,5,10,19]. The formation of 94 

calcium oxychloride has been reported to be very expansive and destructive within the 95 

cementitious matrix [1,5].  Calcium oxychloride can form at temperatures above the freezing 96 

point of water [1,20] and is unstable at room temperature and lower levels of relative humidity 97 

[9,21ï23].  98 

3Ca(OH)2 + CaCl2 + 12H2O   Ą 3Ca(OH)2ÅCaCl2Å12H2O         

 (Secondary Calcium Oxychloride) 
Eq. 4 

 99 
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MgCl2 deicers can also cause formation of calcium chloroaluminate phases such as 100 

Freidelôs salt [8,24ï27]. A possible reaction for the formation of Freidelôs salt in the presence of 101 

MgCl2 salt, for example, is shown in Eq. 5 [27]. The formations of magnesium oxychloride, 102 

calcium oxychloride, and M-S-H were reported as primary sources for severe deterioration. In 103 

contrast, brucite, magnesium sulfate, and Freidelôs salt are not generally reported as very 104 

destructive components [5,7,8,10,14,28].  105 

MgCl2 + 3CaO·Al2O3·CaSO4·12H2O   Ą   3CaO·Al2O3·CaCl2·10 H2O + MgSO4·2H2O 

                       (Monosulfate)                            (Freidelôs salt)                 (Magnesium 

Sulfate Hydrate) 

Eq. 5 

 106 

In previous studies [1ï4,29ï31], the influence of NaCl and CaCl2 deicing salts on 107 

damage development in cementitious materials has been investigated. It was found that 108 

chemical reactions between the matrix and salt solution can result in the formation of additional 109 

phases that can cause severe damage in cementitious materials. For NaCl, the source of this 110 

chemical phase transition appears to be most likely due to the presence of aluminate phases 111 

within the concrete. In the CaCl2 case, the additional phase change was mainly due to the 112 

formation of calcium oxychloride, and calcium hydroxide was the main source of this reaction. 113 

While the use of NaCl and CaCl2 deicing salts are relatively common practices to remove ice 114 

and snow from the surface of roadways and pavement, MgCl2 is also used in some regions. For 115 

MgCl2, there have been attempts to investigate the potential physical and chemical changes 116 

that may be caused by MgCl2 deicing salts and lead to damage development [5,7,8,10,14,28]. 117 

However, the interaction between MgCl2 and the cementitious material constituents (i.e., pore 118 

solution, calcium hydroxide, aluminate phases, or C-S-H) has not been fully understood.  119 

The current research attempts to improve the understanding of the contributions that 120 

MgCl2 deicing salt may have in cementitious materials to produce damage. It is hypothesized 121 
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that the conventional MgCl2ïH2O phase diagram is not fully descriptive of what occurs in 122 

cementitious materials when MgCl2 is used. Therefore, it is necessary to develop a phase 123 

diagram that is applicable for concrete exposed to MgCl2 deicing salt; this phase diagram can 124 

be further used to interpret the damage development in concrete exposed to MgCl2 deicing 125 

salts. 126 

 127 

2.0 Experimental Program 128 

Experiments have been performed on mortar samples and hydrated cement powders (or 129 

ground cement paste). These experiments are 1) longitudinal guarded comparative calorimeter 130 

(LGCC) equipped with acoustic emission measurement, 2) micro focused X-ray fluorescence 131 

(µXRF), 3) low temperature differential scanning calorimetry (LT-DSC), and 4) isothermal micro-132 

calorimetry (IMC). The LGCC experiment was performed to evaluate damage development in 133 

mortar samples due to phase changes under thermal cycling. µXRF was performed to evaluate 134 

MgCl2 fluid ingress and resultant chloride ion profiles in mortar samples. LT-DSC was performed 135 

to detect possible phase transitions and to develop a phase diagram that can be used for 136 

cementitious materials exposed to MgCl2 deicing salts. IMC was used to evaluate the rate of 137 

reaction that may occur between cementitious materials and MgCl2 deicing salt. 138 

    139 

2.1   Materials, Mixture Proportioning, Specimen Preparation, and Conditioning   140 

Type I ordinary portland cement (OPC) was used in this study. This cement had a 141 

calculated Bogue phase composition of 60 % tricalcium silicate (C3S), 10 % dicalcium silicate 142 

(C2S), 9 % tricalcium aluminate (C3A), and 10 % tetracalcium aluminoferrite (C4AF) by mass, 143 

and a reported Blaine fineness of 375 m2/kg. The total equivalent alkali was 0.86 % originating 144 

from 0.35 % of Na2O and 0.77 % of K2O, by mass. Aggregates used to prepare mortar 145 
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specimens consisted of natural sand with a maximum size of 4.75 mm, specific gravity of 2.61, 146 

fineness modulus of 2.89, and an absorption value of 2.2 % by mass.  147 

To perform LGCC and µXRF experiments, mortar specimens were prepared using a 148 

sand volume fraction of 55 % and a water-to-cement ratio (w/c) of 0.42 by mass. The mass of 149 

cement, water, and sand (in saturated-surface-dry (SSD) condition) were 612 kg, 257 kg, and 150 

1435 kg per m3 of total material volume, respectively. The mortar was cast in 25.4 mm × 25.4 151 

mm × 300 mm (1 in × 1 in × 11.81 in) molds and the samples were demolded after 24 h. All 152 

mortar bars were then sealed in double plastic bags and cured for 28 d in these sealed 153 

conditions at 23 °C ± 0.5 °C. After 28 d of curing, the mortar bars were cut using a wet saw to 154 

25.4 mm × 25.4 mm × 50.8 mm (1 in × 1 in × 2 in) specimens. These specimens were then 155 

placed in a vacuum oven at 65 °C ± 1 °C and a pressure of 20 mm Hg ± 5 mm Hg for 7 d to 156 

remove moisture (the ± 1 °C and ± 5 mm Hg are indicative of the nominal operating range 157 

encountered when running the experiment). These samples were then vacuum saturated with 158 

DI water or MgCl2 solutions before performing experiments.  159 

To perform LT-DSC and IMC experiments, powders of hydrated cement paste and 160 

calcium hydroxide were used. Cement paste with a water-to-cement ratio (w/c) of 0.42 by mass 161 

was prepared. The cement paste was cured for one year in a sealed condition. After one year, 162 

the cement paste specimens were ground in a mortar and pestle and the 75-ɛm 163 

(No. 200) sieve was used to separate out larger particles. The hydrated cement powder was 164 

then stored in a vacuum oven at 65 °C ± 1 °C and a pressure of 20 mm Hg ± 5 mm Hg for 3 d to 165 

remove moisture. To perform an LT-DSC experiment, a synthetic pore solution ([K+] = 0.65 166 

mol/L, [Na+] = 0.45 mol/L, and [OH-] = 1.10 mol/L) was also prepared in addition to powder 167 

samples. This solution concentration was calculated using software for estimation of pore 168 

solution properties developed previously (http://concrete.nist.gov/poresolncalc.html) [32] for the 169 

cement used in this study (assuming 100 % degree of hydration in a sealed condition).  170 

http://concrete.nist.gov/poresolncalc.html
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 171 

2.2 Testing Procedure   172 

As mentioned before, four types of experiments were conducted in this study: 1) 173 

longitudinal guarded comparative calorimeter (LGCC) equipped with acoustic emission 174 

measurement, 2) micro focused X-ray fluorescence (µXRF), 3) low temperature differential 175 

scanning calorimetry (LT-DSC), and 4) isothermal micro-calorimetry (IMC). 176 

The LGCC, equipped with acoustic emission measurement, was used to perform the 177 

freeze-thaw experiments described in [3,4]. A temperature gradient was generated in the test 178 

specimen to produce a one-dimensional heat flow. Two meter bars with known thermal 179 

properties were used on the top and bottom of the mortar specimens; and temperatures at 180 

different locations were monitored to calculate the heat flow through the specimens. Since 181 

acoustic emission (AE) has shown promise in quantifying damage (i.e., cracking) [33], acoustic 182 

activity was detected during test by one acoustic sensor attached to the specimen. Wave speed 183 

(pulse velocity) was also measured on specimens using a pulsed wave generated by two 184 

coupled AE sensors through the length of the specimen before and after the freeze-thaw test to 185 

measure the damage index. Samples saturated with 0 %, 0.9 %, 3 %, 5 %, 8 %, 10 %, 13 %, 186 

and 15 % (by mass) MgCl2 solutions were used to perform LGCC experiments. The temperature 187 

of mortar specimens was varied from 24 °C to -40 °C by using a cold plate. The cooling and 188 

heating rates were -2 °C/h and 4 °C/h, respectively. At 24 °C and -40 °C, the temperature was 189 

kept constant for 1 h and 4 h, respectively, to allow the specimen to reach thermal equilibrium. 190 

The test was complete after one cycle. 191 

The µXRF was used to estimate the penetration depth of chloride ions into the 192 

specimens through the use of hyperspectral X-ray imaging. After imaging, a full X-ray spectrum 193 

for the chloride concentration was obtained over its respective spectral range. This imaging 194 

technique is described in [34]. For µXRF experiments, one mortar specimen saturated with DI 195 
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water (as a reference sample) and one mortar specimen saturated with 20 % (by mass) MgCl2 196 

solution were used. They were then broken, exposing a cross section surface of their interior for 197 

µXRF imaging.    198 

The LT-DSC was used to study possible chemical phase transitions in powder-solution 199 

samples. The initial temperature of the test was set to equilibrate at 25 °C. After the initial 200 

temperature became stable, the LT-DSC cell was cooled to -90 °C at a cooling rate of -5 °C/min. 201 

The specimen temperature was kept constant at this temperature (-90 °C) for one min to allow 202 

the specimen to equilibrate. A cycle of heating and cooling was established between -90 °C and 203 

70 °C. The specimen was equilibrated again at -90 °C for 5 min; and the temperature of the 204 

specimen was increased to 70 °C at a heating rate of 5 °C/min. For the LT-DSC, four different 205 

series of experiments were performed: Series I) development of a phase diagram for the MgCl2-206 

H2O system, Series II) development of a phase diagram for pore solutions and MgCl2, Series III) 207 

development of a phase diagram for Ca(OH)2ïMgCl2-H2O, and Series IV) development of a 208 

phase diagram for a cementitious material exposed to MgCl2 solution (using the hydrated 209 

cement powder). For Series I and Series II, a total solution mass of 3 mg to 5 mg was used in 210 

LT-DSC. For Series III and Series IV, a 9 mg to 11 mg powder sample was mixed with 9 mg to 211 

11 mg of MgCl2 solution and the mixture was tested in the LT-DSC immediately after mixing (0 212 

d), 1 d after mixing, and 7 d after mixing.  213 

The isothermal micro-calorimeter was used to measure the heat released during the 214 

reaction between hydrated cement paste powder or calcium hydroxide powder and MgCl2 215 

solution under constant temperature (23 ºC ± 0.1 ºC). The heat release can be used to 216 

determine the rate of reaction. An internal admix ampoule was used to determine the heat of 217 

reaction as soon as MgCl2 solution was introduced to and mixed with powder by stirring. For 218 

these IMC experiments, 2 g of powder was mixed with 2 g of MgCl2 solution.  219 

 220 
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3.0 Results and Discussion 221 

3.1 Thermal Response of Mortar samples (LGCC Experiment)  222 

During the LGCC experiment, the thermal response of mortar samples was evaluated. 223 

Figure 2  indicates the temperatures at different locations of the specimen and the meter bars.  224 

Using the measured temperatures and the thermal properties of the meter bars, the heat flow 225 

inward or outward of the mortar samples [3] was calculated and is plotted in Figure 2. During 226 

freezing, an increase in the temperature and an exothermic behavior (shown by an arrow in this 227 

figure) were observed due to ice formation. During thawing, the specimen temperature remains 228 

constant near 0 °C, until the melting of ice concludes, as an endothermic behavior was 229 

observed.  230 

 231 
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Figure 2- Temperature at different locations (T1 & T2: temperature between cold plate and 233 

bottom meter bar; T3 & T4: temperature between bottom meter bar and specimen; T5 & T6: 234 

temperature between specimen and top meter bar; and T7: temperature at the top surface of top 235 

meter bar), and heat flow versus time during freeze-thaw cycle for specimens saturated with (a) 236 

DI water, and (b) 10 % MgCl2. 237 

 238 
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The temperatures associated with the exothermic/endothermic behaviors (i.e., 239 

freezing/thawing temperatures) were obtained for all samples and are compared with the 240 

conventional MgCl2-H2O phase diagram in Figure 3. A relatively constant difference between 241 

the freezing and thawing temperatures was observed; this is mainly due to supercooling during 242 

freezing. A reduction in freezing and thawing temperatures was observed as the solution 243 

concentration increases; however, the rate of reduction is less than the one expected from the 244 

MgCl2-H2O (pure) phase diagram (Figure 3). This may be due to MgCl2 being consumed by a 245 

replacement of magnesium for calcium in Ca(OH)2 and C-S-H, resulting in the formation of 246 

CaCl2, M-S-H, brucite, and magnesium/calcium oxychloride (Eq. 2, Eq. 1, Eq. 3, and Eq. 4); 247 

thereby diluting the original solution. For 13 % and 15 % concentrations, the freezing points 248 

were even above the liquidus line of conventional MgCl2-H2O. A considerable reduction in fluid 249 

ingress into mortar samples during vacuum saturation was observed as the salt concentration 250 

increased, which will be discussed in Section 3.3. As a result, the LGCC experiment was not 251 

performed for concentrations of MgCl2 greater than 15 % (by mass).    252 

 253 
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Figure 3 - Freezing and thawing points of solution in mortar samples saturated with MgCl2 255 

solutions obtained by LGCC with comparison to the phase diagram of MgCl2 solution (the 256 

uncertainty for this measurement was previously measured in [1,3] and the average coefficient 257 

of variation was determined to be 9.2 %). 258 

 259 

3.2 Damage Detection (AE Measurement and LGCC Experiment) 260 

Acoustic emission activity (produced primarily due to cracking) was monitored during the 261 

LGCC experiment to determine freeze-thaw damage. The AE activity (amplitude of events) is 262 

shown in Figure 4 as a function of temperature for specimens saturated by DI water and 10 % 263 

MgCl2 solution, as examples. At the freezing temperature, clusters of AE events develop due to 264 

cracking (~ -5 C for DI water and ~ -10 C for 10 % MgCl2). During cooling, the AE activities are 265 

mainly due to hydraulic and osmotic pressures caused by the ice formation. For sample 266 

saturated with 10 % MgCl2, the AE events during cooling spread out after freezing while for 267 

sample saturated with DI water they are more concentrated. This is mainly due to the gradual 268 

additional damage caused by increasing osmotic pressure as the temperature decreases.  269 
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AE activity is also seen during heating which may be attributed to cracking 270 

development/propagation due to stress relaxation and thermal expansion of the specimen 271 

during ice melting. The damage on thawing is significantly lower than the damage on freezing. 272 

During heating, a cluster of AE events was observed at the moment if ice melting for sample 273 

saturated with DI water while no cluster was observed for sample saturated with 10 % MgCl2. 274 

 275 

-40 -30 -20 -10 0 10 20 30

Temperature (oC)

40

50

60

70

80

90

100

A
m

p
li

tu
d

e
 o

f 
A

E
 E

v
e

n
t 

(d
B

) Cooling

Heating

(a)

DI Water Freezing

Thawing 

19172533

Cooling time (h)

37 41 45 49 53

Heating time (h)

Onset of 
coolingOnset of 

heating

       276 

Figure 4 - AE events as a function of temperature during cooling and heating for mortar 277 

specimens saturated with (a) DI water; and (b) 10 % MgCl2 solution. 278 

 279 

A damage index (a measure of the reduction in dynamic elastic modulus) was also 280 

determined using the ASTM C597-09 procedure [35] for specimens in two conditions: a) 281 

damage caused during immersion time, and b) damage caused during the freeze-thaw cycle. 282 

Figure 5a shows the damage index as the MgCl2 concentration increases. Mortar specimens 283 

saturated with high concentration MgCl2 solutions (Ó10% by mass) indicated damage before the 284 

freezing and thawing began, during the time when the samples were immersed in solution. This 285 






